The search for foods with biological potential for the prevention of chronic diseases has highlighted sorghum, and numerous studies have been conducted to determine the best processing conditions without compromising the nutritional, functional or sensory qualities. We conducted a review of the scientific literature on the techniques used in sorghum and their effects on phenolic compounds and antioxidant capacity. This review allowed us to conclude that the type and content of phenolic compounds in the different varieties of sorghum must be considered for the selection of adequate technologies that allow the retention of phenolic compounds with improved bioaccessibility and biological potential. The available information has been mostly focused on the content of total phenols and the antioxidant activity of sorghum, while the digestibility, absorption, utilization and excretion of phenolic compounds have been poorly studied. On this regard, there is a clear need for further studies on sorghum with the aim of including sorghum as part of a healthy diet.
Introduction
Sorghum is the fifth most-produced cereal in the world after corn, rice, wheat and barley being, USA, Mexico, Nigeria, Sudan and Ondia the major producers, contributing with 16%, 12.2%, 9.8%, 9.1% and 7.8% and of total world production, respectively (Food and Agriculture Drganization Corporate Statistical Database, 2017) .
Sorghum is a source of carbohydrates (60-70%), proteins (8-12%), oil (2.8-3.6%), fiber (approximately 8%), ash (1-2%), vitamins and phytochemicals, such as phytosterols, policosanols, carotenoids and phenolic compounds, including flavonoids, tannins, anthocyanins, among others, which contribute its biological potential (Cardoso et al., 2014; Chávez et al., 2017; Llopart & Drago, 2016; Stefoska-Needham et al., 2015) .
Epidemiological studies have associated the consumption of sorghum with a reduction in the incidence of gastrointestinal cancer (Stefoska-Needham et al., 2015; Yang et al., 2012) . The intake of sorghum could also contribute to the control of diabetes because the cereal reduces glucose and insulin responses in men compared with wheat (Poquette et al., 2014) . This protective effect has been attributed to some constituents of sorghum that are involved in the inhibition or reduction of oxidative stress and inflammatory, mutagenic and carcinogenic processes, and these biological activities have been associated with the presence of phytochemicals, particularly phenolic compounds (Anunciação et al., 2017; Lin et al., 2013; Mošovská et al., 2010; Nguyen et al., 2015; Poquette et al., 2014; Yang et al., 2012; Cardoso et al., 2017) . However, it is very important to consider that there are other compounds in sorghum that can affect its biological potential (Cardoso et al., 2017) .
Phenolic compounds extracted from whole grains and from the cellular walls of red and white sorghum inhibited the oxidation of low-density lipoproteins and protected DNA against oxidative damage, which could be helpful in the prevention of cardiovascular diseases mediated by oxidative stress (Salawu et al., 2014) . Some compounds isolated from sorghum bicolor, such as methyl 3,4-dihydroxybenzoate, 3,4,5-trihydroxycinnamate, methyl 3,4-dihydroxycinnamate, caffeoyl glycolic acid methyl ester and 1-D-caffeoylglycerol, showed inhibitory potential on nitric oxide production and reduction of the expression of iNDS with a dose-dependent effect on macrophage RAW264.7 induced with lipopolysaccharide (E. coli). Furthermore, the compounds methyl 3,4-dihydroxybenzoate (2,3,4,5-trihydroxycinnamate and methyl 3,4-dihydroxycinnamate significantly suppressed LPS-induced CDX-2 protein expression (Nguyen et al., 2015) . Black and white sorghum extracts may be protective against colon cancer through their estrogenic activity, which reduced cell growth via induction of apoptosis. The presence of flavones in sorghum extract, such as luteolin, apigenin and their D-methyl derivatives, which have estrogenic properties, could be responsible for the protective effect against colon cancer (Yang et al., 2012) . Nevertheless, the aforementioned biological potential of sorghum could be modified to a great extent due to different technologies , Dfelia RDUZAUD-SÁNDEZ 1 , Maribel RDBLES-SÁNCHEZ 1 applied before its intake (Chávez et al., 2017) . This review was conducted to obtain a better understanding of the effects of the application of different treatments on sorghum and its products, examining the most important works that have focused on the use of technologies for preserving and improving the content of total phenols and the biological activity of sorghum.
Phenolic compounds in sorghum grains
The structural diversity of phenolic compounds results in a wide range of phenolic compounds that occur in nature. These compounds can generally be categorized into several classes: flavonoids, tannins and phenolic acids. Table 1 shows the total phenol contents of sorghum and cereals with greater consumption; the variability in phenolic content is mainly attributed to the variety and type of cereal, the part of the grain tested and the extraction method. The extraction solvent becomes a key factor in the quantification of total phenols; before selecting an extraction system, it is very important to have knowledge of the composition of the food matrix to reduce the possibility of over-or underestimation of the content of total phenols (Tiwari et al., 2011) .
Sorghum is a source of phenolic acids, phenolic acid glyceride esters (caffeoyl glycerols), flavonoids (flavanones, flavonols, flavanonols and flavan-3-ol derivatives), phenylpropane glycerides, dicaffeoyl spermidine and condensed tannins (flavan-3-ols and/or flavan-3,4-diols) (Kang et al., 2016; Yang et al., 2012; Zaroug et al., 2014) . The main structures of the phenolic compounds in sorghum are shown in Figure 1 .
Phenolic acids found in sorghum can in turn be classified as derivatives of benzoic acid (gallic, ρ-hydroxybenzoic, syringic and protocatechuic acids) or derivatives of cinnamic acid (ρ-coumaric, caffeic, chlorogenic, ferulic and sinapic acids) (Luthria & Liu, 2013) .
Flavonoids in sorghum consist mainly of 3-deoxyanthocyanidins, although it is also possible to find flavones and flavanones. On sorghum with black and brown pericarp, the major proportion of flavonoids are highly accessible because approximately 80% are found in the free form, while in sorghum with red and white pericarp, the proportion of free flavonoids is 26-41% and 26%, respectively (Wu et al., 2017) . Sorghum with black pericarp is a source of 3-deoxyanthocyanidins, mainly in the free form, while brown pericarp is a source of flavones, dihydroflavonol and flavanone in the free form (Wu et al., 2017) .
Structurally, the tannins found in sorghum are oligomers or polymers of phenolic compounds; they are heterogeneous molecules generally composed of flavan-3-ol and flavan 3,4-diols, which have the capacity to establish interactions with proteins, carbohydrates, lipids, and metals (Awika & Rooney, 2004; Jakobek, 2015; Domínguez-Avila et al., 2017) . Tannins are found in sorghum with pigmented testa and a chalky red, chalky brownish-red or black appearance in concentrations between 10 and 68 mg/g (Awika & Rooney, 2004; Dykes et al., 2014; Dykes et al., 2005) .
On sorghum, as in other cereals, phenolic compounds are concentrated in the outer layers of the grain (aleurone, testa and pericarp), where it is possible to find more than 90% of the Lopez-Martinez et al. (2009) . Total phenolic content was determined using the Folin-Ciocalteu method and expressed as mg equivalent of gallic acid/g (mg GAE/g). Total phenols (free+bound): Ethanol extraction+alkaline hydrolysis.
total content of phenolic compounds. The phenolic compounds are found in the free and conjugated forms (soluble in organic solvents) or bound (non-soluble in organic solvents) mainly to carbohydrates, which requires acid or alkaline hydrolysis for its extraction (Acosta-Estrada et al., 2014; Chávez et al. 2017; Morales Drtega et al., 2013) . The structural localization of phenolic compounds affects their metabolism and absorption. The free phenolic compounds and oligomers of low molecular weight (ferulated and procyanidin oligomers) are accessible to be absorbed in the small intestine, but the bound phenolic compounds have low bioaccessibility, and a large proportion of them can only be metabolized by colon microorganisms (Ayala-Soto et al., 2015; Domínguez-Avila et al., 2017) .
On sorghum, the content of phenolic compounds is a function of the variety, genotype, color pericarp and the presence of testa and whether it is pigmented or unpigmented. The environmental and irrigation levels during crop growth, as well as the extraction method and quantification method used determine the phenolic compound content (Awika et al., 2009; Dykes et al., 2013; Wu et al., 2017) . Table 2 shows a list of the main phenolic compounds in sorghum and Figure 2 shows the contents of phenolic acids in cereals of greater consumption, and it is possible to observe that the phenolic acid content from sorghum is larger in cereals, such as rice, oat and barley. Ot is a common characteristic of cereals to have a larger proportion of hydroxycinnamic acids than hydroxybenzoic acids. This is in agreement with the findings of Chiremba et al. (2012) , who reported higher contents of phenolic acids and total phenols in hard sorghum bran than in soft sorghum cultivars; they also reported that the proportion of hydroxycinnamic acids in bran was higher than that of hydroxybenzoic acids. Guo & Beta (2013) evaluated the content of phenolic acids in sorghum and other cereals and found that the highest proportion corresponded to ferulic acid. Dther authors have reported the presence of phenolic acids that included phenolic acid derivatives, aldehyde and ester of glycerol (Svensson et al., 2010; Yang et al., 2012) , or dimers and trimers of ferulic acid (Ayala-Soto et al., 2015). (Cardoso et al., 2017; Wu et al., 2017) . 
Effects of processing of sorghum on the contents of phenolic compounds
Although sorghum is rich source of phenolic compounds, their bioaccessibility may be affected by the technologies or processes applied before their intake, which may interfere in their biological potential. The following is a summary of the main procedures applied in sorghum and their effects on phenolic compounds and antioxidant capacity (Table 3) .
Precooking
Due to the hardness of sorghum, it must be processed prior to cooking. Processes such as milling, decortication and soaking are commonly applied to sorghum grain. The grinding of whole grains produces whole-meal flour, in which all components maintain their original proportions; this procedure alters the physical structure of the grains, increasing their surface area, which potentially increases the extractability of their chemical constituents. Brewer et al. (2014) evaluated extractable total phenolic compounds in wheat bran with three different particle sizes (coarse: ~ 91% > 900 µm; medium: ~ 3% > 500 µm and fine: ~ 3% > 200 µm). They noted that a reduction in particle size, and thus an increase in the surface area of the grains, significantly increased the concentration of total phenolic compounds (both bound and soluble), the antioxidant capacity, measured as oxygen radical absorption capacity (DRAC), as well as the extraction of anthocyanins and carotenoids.
The decortication of sorghum involves the removal of the pericarp, usually by abrasion; this process causes a decrease in the content of total phenols in the flour, since the largest proportion of phenols is in the pericarp and aleurone layer. This was reported by Luthria & Liu (2013) , who mentioned that in sorghum, most phenols are found in the outmost layers of the pericarp (3 cycles at 1400 rpm), which means that sorghum bran could be used as a food additive with high antioxidant potential. However, is important to consider that the physical, rheological and sensory properties of grains can be significantly modified. The soaking of cereal grains and legumes is a common practice before cooking; the sole purpose of this procedure is to soften the pericarp and thus reduce the cooking time (Akillioglu & Karakaya, 2010) . Afify et al. (2012) evaluated the effects of soaking in three varieties of sorghum on the contents of phenolic compounds, flavonoids, tannins, vitamin E, β-carotene and antioxidant capacity; they found that soaking significantly reduced the content of total phenols, flavonoids and antioxidant capacity. Soaking for 20 h reduced the content of total phenols in sorghum by approximately 40% and reduced the antioxidant capacity by 21%. The decrease in total phenol content and antioxidant capacity during soaking may be explained by extractable phenols being leached into the soaking water, which is usually discarded. The loss of phenolic compounds due to soaking also has been observed in other grains, such as millet and bean (Akillioglu & Karakaya, 2010; Jha et al., 2015) .
Thermal processes

Wet cooking
Wet cooking a traditional method commonly used to prepare different sorghum-based foods. This procedure is characterized by boiling the cereal in abundant water for variable time periods (10-25 min).
A study on sorghum grains (different cultivars) reported that wet cooking for 12 min increased the total phenolic acid content in the soluble fraction (72.8%), caused mainly by the increase in solubilization of ferulic and ρ-coumaric acids, which represented a positive effect on the accessibility of phenolic acids (N'Dri et al., 2013) . This same treatment negatively affected the total 3-deoxyanthocyanidin content and total phenolic content, with average losses of 53% and 45%, respectively. The loss of phenolic compounds caused by wet cooking has a negative effect on the antioxidant capacity of sorghum. Ot has been observed that the loss of antioxidant capacity of soluble phenols (̴ 75%) present in cooked sorghum was higher than non-soluble phenols (̴ 38%) when these were compared with raw sorghum (N'Dri et al., 2013).
The above results are consistent with those reported by Hithamani & Srinivasan (2014) , who reported an average loss of 50.9% and 42.9% in the total content of soluble phenolic compounds in sorghum after subjecting the cereal to wet cooking under pressure (15 psi, 15 min) and open-pan boiling (10 min), respectively. They also observed a loss of tannins (22-55%) and increased phenolic acids, such as caffeic and ferulic acids (up to 200% and 27-42% respectively), while ρ-coumaric (41%) and gallic acid (up to 300%) increased after cooking open-pan boiling, and syringic acid increased (23%) after wet cooking under pressure (Hithamani & Srinivasan, 2014) . Dn the other hand, the cooking of sorghum by open-pan boiling and pressure cooking did not affect the bioaccessible flavonoid content (p-value >0.05), and only open-pan boiling negatively affected the bioaccessible polyphenol content (12%) (Hithamani & Srinivasan, 2014) .
The loss of phenolic compounds in sorghum shown for wet cooking was probably attributed to changes or disruption of several structures, such as starch or protein, which could interact with the phenolic compounds and interfere during the extraction (Domínguez-Avila et al., 2017) . Another possible explanation could be the sensitivity of phenolic compounds to warming, where the time and temperature of heating are determining factors that affect anthocyanin stability more than phenolic acids and flavonol glycosides (Zori et al., 2014) ; the flavonoid catechin is more susceptible to thermal degradation than gallic acid and vanillic acid (Volf et al., 2014) . Moreover, thermal processing causes the formation of new compounds through decarboxylation and dimerization, just as occurs with ferulic and ρ-coumaric acids, which changes its biological potential; for example, the dimerization of ferulic acid and ρ-coumaric acid increased their antioxidant activity (Arrieta-Baez et al., 2012).
The loss of phenolic compounds caused by wet cooking may be reduced if cooking is done with minimum amounts of water or if the water evaporates completely after cooking. This was observed in a previous study in which sorghum was heated using steam (200-220 °C) for 20 min; under these conditions, it was possible to reduce the loss of phenolic compounds compared with traditional boiling (100 °C) (Wu et al. 2013) . A study conducted by Cardoso et al. (2014) show losses comparable to those obtained by steam cooking. They explained this behavior by arguing that sorghum was dried after having been boiled; with this method, it only lost approximately 8% of its antioxidant capacity. Wet cooking may be applied to sorghum with a high content of phenolic acids and low flavonoid content, such as red and white sorghums; this increases the solubilization of phenolic acids, which could positively affect its bioaccessibility (Hithamani & Srinivasan, 2014) .
Dry cooking
Dry cooking is usually done in conventional ovens at temperatures above 120 °C. Cardoso et al. (2015) treated different varieties of sorghum (red, yellow and brown pericarp) with conventional oven cooking (121 °C, 25 min) and observed that the loss of total phenols was lower than that obtained with wet cooking, with retention values between 91.7% and 105.7%. The same study observed an increase in the antioxidant capacity of the three varieties sorghum evaluated (red, yellow and brown pericarp) due to heat treatment (11-16%) compared to raw sorghum (Cardoso et al., 2015) . Moreover, the cooking of sorghum in a conventional oven is an adequate treatment for the retention or increase in proanthocyanidins with a low degree of polymerization (mono to trimers), 3-deoxyanthocyanidins (luteolinidin, apigeninidin, 5-methoxy-luteolinidin, and 7-methoxy-apigeninidin) but not for the retention of flavones (luteolin and apigenin) or flavanones (naringenin and eriodictyol) (Cardoso et al., 2015) . The same research group reported an increase in total phenols (2%) and antioxidant capacity (8%, as scavenger radical DPPH activity) in heat-treated red sorghum compared to raw sorghum (Cardoso et al., 2014) . The preservation or loss of phenolic compounds during baking differs according to the variety (pericarp color) and group of phenolic compounds.
Roasting is another dry cooking method that involves higher temperatures (150 °C) than baking (Hithamani & Srinivasan, 2014; Wu et al., 2013) . Hithamani & Srinivasan (2014) reported an average increase in the content of soluble total phenols and tannins in sorghum after roasting at 150 °C for 5 min (49% and >100%, respectively), compared to raw sorghum; moreover, the roasting process significantly increased the total phenolic acid content (identified and quantified by HPLC) of sorghum (>200%); this increase corresponded to the sum of the increases in protocatechuic, ferulic, ρ-coumaric, caffeic and sinapic acids (Hithamani & Srinivasan, 2014) . Similar behavior was observed in wheat; however, the increase in total phenolic acids after roasting was lower (52.8%) than that obtained in sorghum (Hithamani & Srinivasan, 2014) . On contrast, Wu et al. (2013) reported losses of total phenolic content, total flavonoid content, procyanidin content and antioxidant capacity of 42%, 21%, 48% and 37%, respectively, when sorghum was subjected to 150 °C for 1 h; however, the roasted red sorghum grain increased the ferulic acid content in free and bound forms compared to raw grain sorghum, which improved its bioaccessibility (Wu et al., 2013) . Based on the results above, it is clear that the time of roasting negatively affected the retention of total phenolic content, total flavonoid content, procyanidin content and antioxidant capacity, and 5 min at 150 °C was sufficient for improving the accessible phenolic compounds.
Microwave heating
There are reports that microwave heating damages the arabinoxylans present in cereal grains. On corn, microwave heating (180 °C for 10 min or 200 °C for 2 min) can cause the release of approximately 50% of the content of arabinoxylans as feruloylated arabinoxylan-oligosaccharides with a wide variety of molecular weights and containing up to 8 g of esterified ferulate/100 g of arabinoxylo-oligosaccharides (Rose & Onglett, 2010a) . Wet heating by microwave (200 and 210 °C) released 70% of insoluble arabinoxylans and esterified ferulates from wheat bran (30% of the initial ferulic acid) (Rose & Onglett, 2010b) . Hithamani & Srinivasan (2014) reported that boiling sorghum in a microwave for 4 min reduced the contents of soluble total phenols, total flavonoids and tannins by 46.4%, 51.7%, and 29.0%, respectively, which negatively affected its bioaccessibility. The above, possibly due at heating by microwave at 150 °C, compromised the stability of cinnamic acids (caffeic, ρ-coumaric, ferulic and sinapic acids), benzoic acids, benzoic aldehydes, flavan-3-ols, among others, through the degradation of hydroxyl-type substituents (Liazid et al., 2007) .
The popping process consists of exposing the sorghum grain to high temperature for a short time under dry conditions, generally performed in a microwave, which causes the explosion of the grain due to the super-heated vapor produced inside the grain and the expansion of the starchy endosperm (Mishra et al., 2015) . A popping process (250 °C for 1 min, 14-18% moisture) applied to red and white sorghum reduced the phenolic compound content (free and bound phenols), and antioxidant capacity (ABTS) of sorghum compared to raw sorghum; this reduction could be due the loss of the pericarp or other grain structures during explosion.
Dn the other hand, the popping process also caused an increase in protein digestibility and iron accessibility (%) in sorghum compared with raw sorghum. The hard and white sorghum hybrids positively affected the ability of popping, apparent volume and popping performance (%) compared with popped red sorghum (Llopart & Drago, 2016) . Likewise, the amylose content and pericarp thickness positively influenced the popping yield and volume expansion ratio (Llopart & Drago, 2016) .
On general, the temperature, the absence of water and the heating time are determining factors in the increase or loss of phenolic compounds and antioxidant capacity in sorghum subjected to dry cooking. Ot has been reported that during dry cooking phenolic compounds remain in the food matrix resulting in lower losses of them (Afify et al., 2012) , however, for longer heating periods molecular instability and dimerization take place increasing the losses of bioactive compounds (Arrieta-Baez et al., 2012; Cardoso et al., 2014 Cardoso et al., , 2015 . However, the mechanisms involved in these losses have not been clarified yet.
Extrusion
Extrusion consists of thermal and mechanical treatments under conditions of low humidity, shearing, high pressure and temperature for a short time, which result in structural alterations and changes in functional properties (Singh et al., 2007; Wang et al., 2014) . Cardoso et al. (2015) observed the depolymerization of proanthocyanidins after the extrusion of brown pericarp sorghum; furthermore, there was an increase in proanthocyanidins with a low degree of polymerization, mainly monomers and dimers (>200%), compared to raw sorghum. Moreover, the same study reported losses total of flavones (luteolin and apigenin) and losses greater than 80% and 70% of flavanones (naringenin and eriodictyol) and 3-deoxyanthocyanidins, respectively, compared with raw sorghum of brown, red and yellow pericarp (Cardoso et al., 2015) . However, the retention of total phenolic content and antioxidant capacity was held at values approximately of 84% and 91%, respectively. White sorghum bran extruded at 180 °C (20% moisture) showed a significant increase in the solubilization of total phenolic content, caffeic, ρ-coumaric, ferulic and sinapic acids (52%, 33%, 71%, >100% and 91%) compared to non-extruded sorghum bran; furthermore, an increase in the antiradical capacity (DPPH, ABTS) and an increase in the potential anti-inflammatory capacity was observed through an evaluation of inhibition of nitric oxide production by RAW cells induced with LPS (Salazar Lopez et al., 2016) .
The increase in total phenol content and biological potential in sorghum after extrusion could be attributed to the increase in low-molecular-weight proanthocyanidins, formation of other compounds during the extrusion process or increase in extractability due the breakdown of structures from the cell well (Cardoso et al., 2015; Salazar Lopez et al., 2016) . Dlamini et al. (2007) subjected whole or decorticated grains of different varieties of sorghum to extrusion (150-160 °C, 30-90 s) and observed losses of total phenolic compounds and antioxidant capacity in whole sorghum of up to 61.6 ± 17.6% and 83 ± 4.3%, respectively. However, when evaluating decorticated sorghum, different values were observed according to whether the varieties had tannins. Sorghum varieties with tannins had average losses of total phenolic compounds and antioxidant capacity (ABTS) of 43 ± 27% and 69.7 ± 13%, respectively; the opposite results were found in non-tannin varieties, which had minimal losses, and there was even a variety that showed an increase of 70% in total phenolic content and of 157% in antioxidant activity. Dn the other hand, extruded red sorghum showed a reduction of total extractable phenol content (<41%), and antioxidant capacity (<24.8%) compared to raw sorghum; however, an increase in protein digestibility (31%) and available lysine (25.4%) was shown (Llopart et al., 2014) .
The effect of extrusion on the content of nutritive and non-nutritive components, such as phenolic compounds, depends on the processing conditions and the food matrix (Singh et al., 2007) . Extrusion is a promising process for the manufacture of functional cereal-based foods, as it preserves or increases the content of phenolic compounds. On sorghum, due to the structural arrangement of phenolic acids, it is recommended to use high temperatures during the extrusion process to break the ether bonds that link ferulic acid with lignin; also, the extrusion process may break the glycosidic bonds that link xyloses, increasing the possibility of forming feruloylated oligomers, which have been reported as having antioxidant activity (Ayala-Soto et al., 2014 , 2015 .
On cereals such as sorghum, quinoa or amaranth, it is required to optimize the extrusion conditions to obtain extruded products with expansion properties and performance similar to those of wheat (Robin et al., 2015) . Os important to know the chemical composition of sorghum because of the high content of branched carbohydrates and low fiber content that lead to positive impacts on the elasticity and size of the extruded product (Vargas-Solórzano et al., 2014) . The sorghum genotype plays an important role during the elaboration of products on base sorghum with biological potential. Red and light-brown sorghum, which have a high tannin and fiber content, are appropriate for whole-grain sorghum breakfast production due to their low solubility in warm water; in contrast, sorghum genotypes with high water diffusion at ambient temperature are suitable for preparing instant beverages (Vargas-Solórzano et al., 2014) .
Whole-grain sorghum-based breakfast cereals have higher sensory acceptance (70.6%) and total phenolic compounds (98.2%), antioxidant activity (87.9%) and 3-deoxyanthocyanidin content (100%) than breakfast cereals based on whole-grain wheat, both of which are prepared by extrusion (Anunciação et al., 2017) . Extruded white non-tannin sorghum showed similar values of in vitro protein digestibility, rapidly digestible starch, slowly digestible starch, resistant starch, overall acceptability and texture than an oat-extruded reference; therefore, sorghum has been recommended to be used in the production of breakfast cereals (Mkandawire et al., 2015) . Sorghum has been used to obtain extruded products containing low-digestion starch, achieving in this way healthy levels of circulating glucose (Licata et al., 2015) . Extrusion of sorghum also has been proposed to produce functional foods, such as gluten-free snacks, which are nutritious and healthy for celiac disease patients (Lohani & Muthukumarappan, 2016) .
Bioprocessing
Fermentation
Fermentation is a biological process that increases the digestibility of sorghum proteins; it is widely used by African people for preparing a traditional porridge-like food (Dlamini et al., 2007; Zaroug et al., 2014) . However, other effects have also been observed on bioactive compounds present in sorghum; for instance, fermentation with Lactobacillus has been shown to significantly affect the content of polyphenols and antimicrobial activity of red sorghum, mediated by the presence of glucosidase, phenolic acid reductase, and phenolic acid decarboxylase, during lactic fermentation, which can metabolize phenolic acids, phenolic acid esters, and flavonoid glucosides (Svensson et al., 2010) .
The addition of whole-grain white sorghum flour (WSF, 40%) or red sorghum flour (RSF, 40%) to wheat flour (WF) used for flat bread elaboration (fermented for 75 min and baked in a fan-forced oven at 300 °C) increased the total phenolic content and antioxidant capacity of RSF flat bread and WSF flat bread compared to a flat bread control (100% WF); likewise, the fast-digestion starch level was lower in WSF and RSF flat breads than the control without affecting the sensory preference of the flat breads (Yousif et al., 2012) . Dn the other hand, Zaroug et al. (2014) evaluated the contents of phenolic compounds in tannin and non-tannin sorghum during fermentation and baking. They reported that fermented dough prepared from non-tannin sorghum showed an increase in the total phenol and flavonoid content and antioxidant capacity compared to raw sorghum. The content of total phenols after 8 and 24 h (10.6 ± 0.5 and 18.4 ± 0.6 mg GAE/g, respectively), compared with the values at 0 h (7.2 ± 1.5 mg GAE/g), showed that the fermentation time was a determining factor in the release of phenolic compounds. On the same study, fermented dough was cooked on a hot plate for 1-2 seconds, and no adverse effects on total phenolic content were observed (Zaroug et al., 2014) . These results are the opposite of those obtained by Dlamini et al. (2007) , who studied a fermented dough made from different varieties of sorghum, and reported a decrease in total phenolic content, tannins and antioxidant capacity. Apparently, the sorghum variety, the time of fermentation and possibly even the inoculum employed had a direct influence on the content of phenolic compounds in fermented products, so that optimized fermentation could be an alternative in the modification of sorghum matrix and release of phenolic compounds.
Enzymes
Enzyme treatments have been widely used in the processing of several cereals (Uraji et al., 2013) . There are few studies regarding use of enzymes in sorghum flour. Feruloyl esterase is the enzyme responsible for the release of phenolic acids bound to arabinoxylans present in grain cell walls. Feruloyl esterase catalyzes the hydrolysis of the ester linkage between sugars (arabinose) and hydroxycinnamic acids. This enzyme performs a function similar to alkaline hydrolysis in relation to the deesterification of feruloylated arabinoxylans in plant cell walls Rosa et al., 2013) .
The disintegration of the aleurone layer by enzymatic treatment with xylanase or xylanase and feruloyl esterase solubilized 43% and 82% of arabinoxylans, respectively. Treatment with only xylanase produced 17% of bioavailable ferulic acid (free and conjugated forms), while treatment with both enzymes produced 87% of bioavailable ferulic acid, significantly changing the metabolism of this phenolic acid. The ferulic acid contained in wheat aleurone treated with both enzymes, xylanase and feruloyl esterase, is metabolized and absorbed to the portal vein from the stomach and upper intestine, while the bioavailability of ferulic acid bound to the arabinoxylans is dependent on its release by intestinal microbiota; therefore, its metabolization is performed in the colon, so that the urinary excretion of free ferulic acid and bound ferulic acid is different (Pekkinen et al., 2014) . Rosa et al. (2013) reported an increase of 86% in the bioavailability of ferulic acid due to the processing of wheat aleurone with xylanase and ferulic esterase. Huang et al. (2013) increased the release of free ferulic acid (310 µM) from lignocellulose (de-starched wheat bran) using a thermostable esterase produced from thermophilic actinomycetes (Thermobifida fusca) to hydrolyze ester linkages. The increase in released ferulic acid increased the antioxidant activity, as evaluated with the DPPH and ABTS methods. Shin et al. (2006) evaluated the release of ferulic acid from corn residues by chemical hydrolysis and the use of a mixture of enzymes from Neosartorya spinosa NRRL185 (40°C, 24 h); they reported no differences between the concentrations obtained by chemical hydrolysis and enzymatic hydrolysis (0.3 and 0.3 mg/10 mg of bran, respectively).
A study conducted by Agger et al. (2010) evaluated different enzyme mixtures regarding the release of xylose contained in the glucuronoarabinoxylan (GAX) of corn; the largest amount of ferulic acid released was obtained when they used an enzyme mixture that included endoxylanase, β-xylosidase and two β-L-arabinofuranosidase, in addition to feruloyl esterase (Meripilus giganteus and Humicola insolens). A study of sweet sorghum bagasse showed that the use of combined cellulase and endo-xylanase was able to modify the cell wall of sorghum toward a less complex structure (Pengilly et al., 2015) , which could improve the extractability of phenolic compounds. Ot is possible to consider that, given the similarities between the arabinoxylans in corn and sorghum, in terms of its complexity, the enzymatic processing mentioned above could be a promising method for releasing phenolic compounds from sorghum. Studies of the effects of enzymatic treatment on bran and whole-grain sorghum are currently being conducted by our research group.
Sprouting
There are numerous studies of the effects of sprouting or germination of cereals on the nutritive quality of cereals (Hithamani & Srinivasan, 2014; Afify et al., 2012) . Reactions in germinating grain lead to structural modification and the synthesis of new compounds, some of which have high bioactivity and can increase the nutritional value of the grains (Pradeep & Sreerama, 2015) . The wet conditions in which germination occurs allow the grain to absorb a certain amount of water, giving rise to biochemical and physiological changes, such as the activation of hydrolytic enzymes that are inactive in raw seeds, such as amylases, proteases, lipases, fiber-degrading enzymes, and phytases, which contribute to the breakdown of macromolecules (proteins, carbohydrates and lipids), increasing accessibility and digestibility (Yan et al., 2010) . The decomposition of high-molecular-weight polymers during germination leads to the generation of biofunctional substances. Hithamani & Srinivasan (2014) observed an increase in the content of soluble total phenols, tannins and phenolic acids after sprouting; however, when phenolic acids were analyzed individually, there was an increase in the content of protocatechuic (>100%), ferulic (20%) and salicylic (10%) acids after sprouting and a decrease in the content of others, such as gallic, syringic and ρ-coumaric acids. This decrease was 15% compared to unprocessed sorghum. This behavior was not observed in sprouted wheat, in which total phenolic acids increased by 1% (Hithamani & Srinivasan, 2014) . The effect of germination on phenolic compounds and antioxidant activities in 50 sorghum varieties showed that, on average, germination did not affect the content of total phenolic compounds but decreased the content of proanthocyanidins, 3-deoxyanthocyanidins, and flavan-4-ols (Dicko et al., 2005) . On other cereals and pseudocereals (methanolic extracts), such as amaranth, quinoa, buckwheat and wheat, the total phenolic content in the free form was increased twofold after the sprouting process and was reduced after baking (Alvarez-Jubete et al., 2010) . Similar to the previous technologies, during germination, the time, the temperature and the variety are determining factors in the release of phenolic compounds. The increase in phenolic compounds in the free from, the reduction of anti-nutritional compounds and the low processing cost are advantages in the elaboration of functional foods from sorghum.
Chemical technologies
Nixtamalization
The nixtamalization process consists of alkaline cooking of maize with lime and is used traditionally in Mexico as the primary process to produce tortillas, chips and tamales (Moreno-Rivas et al., 2014) . Basically, the objective of nixtamalization is to improve some nutritional and sensorial characteristics of the products obtained. However, it is not only the nutritional and sensory properties that have been improved with the nixtamalization process; in the last several years, the process of nixtamalization has also been studied as a technology to improve its content of phenolic compounds. On a study, tortillas produced with traditionally nixtamalizated corn retained significantly less total phenolic and total ferulic acid (50.5-75.7 and 19.6-55.8%, respectively) compared with tortillas prepared with extruded corn flour (76.2-93.9% and 58-96.7%, respectively), which negatively affected the antioxidant capacity (Mora-Rochin et al., 2010) . However, traditionally nixtamalizated corn increased the accessibility of ferulic acid compared with raw corn and tortillas produced with extruded corn. On addition to corn, sorghum has been a good candidate to be subjected to the process of nixtamalization, particularly because they share some chemical and anatomical characteristics. The nixtamalization of sorghum causes loss of tannin, which is due to the removal of pericarp during alkaline cooking, where the major proportion of phenolic compounds is localized (Dcheme et al., 2010) . This process could be adequate for the treatment of white sorghum, which has a minimum amount of tannins, high content of hydroxycinnamic acid in the bound form, and is not adequate for black and brown pericarp, which have a high proportion of flavonoids in the free form (Wu et al., 2017) .
Trends and innovations
Pulsed electric fields
The use of pulsed electric fields (PEF) of high intensity for a short time causes increases in the permeability of the cytoplasmic membrane and the release of intracellular compounds (Lohani & Muthukumarappan, 2016) . Fermented sorghum flour processed with PEF (45% w/v, 2 kV/cm electric field intensity and 875 μs treatment time) showed increases in total phenolic content and antioxidant activity of 24.8% and 33.9%, respectively compared with the control; likewise, fermentation and electroporation caused cell disruption and the release of benzoic and cinnamic acids (Lohani & Muthukumarappan, 2016) . The processing of sorghum flour by PEF permitted the release of bound phenolic and increased the total phenolic content and antioxidant capacity with minimal damage to other nutrients (Lohani & Muthukumarappan, 2016) ; however, it had the disadvantage of requiring a greater amount of water compared with other technologies, such as extrusion or fermentation.
Irradiation
Orradiation is a physical treatment that involves the exposure of food products to ionizing or non-ionizing radiation for the purpose of food preservation. However, in the last several years, great interest has been emerging regarding the use of irradiation to improve the phenolic content and antioxidant capacity of food, especially focused on fruits and vegetables, with studies in cereals and particularly sorghum being scarce. A study conducted by Mukisa et al. (2012) investigated the effects of gamma irradiation and re-irradiation on microbial decontamination, viscosity, amylase activity and starch granule structure of sorghum; it revealed that gamma irradiation could be used to decontaminate flours and to produce weaning porridge from sorghum. Another study, by Duodu et al. (1999) , reported that cooking did not decrease phytic acid in sorghum porridge, but the combination of cooking and irradiation (1 kGy) resulted in a significant decrease (40%). Fombang et al. (2005) studied the effects of irradiation of dry and wet sorghum flours on the digestibility and solubility of their proteins. When the flours were cooked into porridge, they found that irradiation (10 kGy) applied to dry sorghum flour alleviated the adverse effect of cooking on sorghum protein digestibility. The same study examined the effects of irradiation on polyphenol content and antioxidant activity in sorghum flour and porridges; it found that polyphenols were reduced more by irradiation combined with cooking than by irradiation or cooking alone.
On general, the decrease in antioxidants is attributed to the formation of radiation-induced degradation products or the formation of free radicals (Manupriya et al., 2016; Hussain et al., 2014) .
Other methods of processing
Another technology applied for the release of phenolic acids from cereals is steam explosion-assisted extraction, which has shown significant improvements in soluble free and conjugated phenolic acids as well as the antioxidant properties of wheat bran (Liu et al., 2016) . On addition to the techniques to improve the content of phenolic compounds in sorghum described above, there are other methods of processing, such as the application of ohmic heating and high hydrostatic pressures, among others. However, although these are promising methods of food preservation, there are still few studies of their effect on cereals and, as far as we know, no studies on their effect on sorghum, although they have shown some beneficial effects in other grains, such as wheat.
Other considerations
Due to the high phenolic compound content and low protein digestibility in sorghum, it is recommended for the production of functional foods in combinations with other cereals. Promising examples could be the addition of sorghum to cowpea (Apea-Bah et al., 2016; Vilakati et al., 2016) , roasted coffee (Chávez et al., 2017) , wheat flour (Yousif et al., 2012) , and barley (Rudra et al. 2015) , where the results have been consistent in terms of improving the nutritive value, antioxidant properties and phenolic compounds. The nutritional value and sensorial characteristics of pasta obtained from a combination of sorghum and wheat semolina (50:50, 60:40, and 70:30) and subjected to an extrusion process have also been studied (Benhur et al., 2015) .
Dther studies have demonstrated the possibility of produce sorghum cultivars with a high content of phenols for the elaboration of products with biological potential through the agronomic manipulation of sorghum cultivation. Six sorghum genotypes with deficit irrigation during their cultivation showed significantly increased whole-grain phenolic contents, such as 3-deoxyanthocyanidins, flavones, dihydroflavonol, flavanone, and hydroxycinnamic acids (caffeic and ferulic acids). Likewise, there was increased antioxidant activity evaluated with DPPH and ABTS assays compared to the full irrigation treatment; that increase was affected by the genotype (Wu et al., 2017) .
Conclusions
There are numerous technological processes that can be used in sorghum and their products to improve their phenolic content and consequently, their bioaccessibility. These behaviors may be evaluated depending on the variety, physical and chemical constitution of the grains. The varieties with a greater proportion of phenolic compounds in the free form (black and brown) must be processed with lower-impact technologies, for example, fermentation, pulsed electric fields and soaking (water not discarded). On contrast, sorghum varieties with a large proportion of phenolic compounds in the bound form, such as white sorghum, could be processed with technologies that intensely modify its structure, such as alkaline cooking, extrusion, and sprouting.
According to the existing literature, it is possible to conclude that biological and thermomechanical processes with low moisture might be successfully used to obtain sorghum-based products with beneficial effects on human health. Sorghum can easily compete with the most widely consumed cereals, such as wheat and corn, in terms of its nutritional and functional characteristics. Ots inclusion as part of a healthy diet can be justified, but further chemical and biochemical studies are needed to better understand the nature of its bioactive constituents and how they behave under the effects of the different processes that could be applied to sorghum and its products. Studies revealing an increase in the bioaccessibility of phenolic compounds attributed to thermal processes on sorghum are in progress.
